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Hydrolytically Induced Allosteric Change in the Heavy Chain of
Intact Myosin Involving Nonessential Thiol Groups?

Marcus C. Schaub,* John G. Watterson, Jiirg T. Walser, and Peter G. Waser

ABSTRACT: The two globular head portions, each bearing an
active site, contain an uncleaved heavy chain when isolated by
chymotrypsin from intact myosin. By specific labeling with
radioactive N-ethylmaleimide the essential thiol | and thiol
2 groups were found to reside in this heavy chain. In intact
myosin nonessential thiol 3 groups become the most reactive
during ATP hydrolysis above 15 °C. These thiol 3 groups are
located in a portion of the myosin heavy chain which appears
as a fragment with an apparent molecular weight of 11 000
during proteolysis. The facts that this fragment is produced
in an almost 1:1 molar ratio with the head heavy chain and that

M onitoring the changes in reactivity of specific thiol groups
has acquired widespread recognition as a method for probing
protein conformational changes. These side groups may be-
come even more reactive than they are in the free amino acid
cysteine as a result of local environmental changes, which in
turn indicate alterations in chain conformation (Gutfreund and
McMurray, 1970). Enzymes are known to undergo confor-
mational changes following the binding of substrate and the
subsequent steps of their catalytic activity. These latter syn-
catalytic alterations in the protein structure can affect the
environment of reactive side groups of specific amino acids as
has been demonstrated for a certain cysteinyl residue of as-
partate aminotransferase whose activity is markedly enhanced
during catalysis (Birchmeier et al., 1973).

The hydrolysis of Mg-ATP by isolated myosin heads, the
soluble proteolytic fragment of myosin bearing an active site,
has been shown by fast kinetic techniques to proceed via seven
elementary steps (Bagshaw and Trentham, 1974). The long
lived species within this hydrolytic cycle is known to be an
enzyme-product complex M**ADP-P;! (Lymn and Taylor,
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! Abbreviations used: ATPase, adenosine-5'-triphosphatase (EC
3.6.1.3); HMM, heavy meromyosin; HC, heavy chain; LC-1, light chain
1: LC-2, light chain 2; L.C-3, light chain 3; P;, inorganic phosphate; NEM,
N-ethylmaleimide; Tris, tris(hydroxymethyl)aminomethane; NaDodSO,.
sodium dodecyl sulfate: EGTA, ethylene glycol bis(3-aminocthyl ether)-
N, N’-tetraacetic acid.
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it bears unblocked N-terminal amino groups whereas the heavy
chain does not and is not contained in the rod portion of the
myosin molecule indicate that it may originate from the heavy
chains in the neck region where the heads are joined to the rod.
Since this fragment is removed by ion-exchange chromatog-
raphy, it is not part of the functioning head and hence not in-
volved in the active site. As its nonessential thiol 3 groups are
rendered the most reactive of all thiol groups in the enzyme-
product complex M**ADP-.P;, the hydrolytic step induces an
allosteric conformational change in the neck region of intact
myosin.

1970; Trentham et al., 1972). It can be distinguished from the
complex occurring on direct binding of the product (M*ADP)
which has also been shown to represent a reaction cycle in-
termediate (Bagshaw and Trentham, 1974), on the grounds
of intrinsic tryptophan fluorescence (Werber et al., 1972;
Mandelkow and Mandelkow, 1973), ultraviolet absorption
(Morita, 1967; Malik and Martonosi, 1972}, electron spin-
label techinques (Seidel and Gergely, 1971), and circular di-
chroism (Murphy, 1974). A further approach is that of thiol
group reactivity (Watterson and Schaub, 1973; Reisler et al.,
1974) which does not involve spectral techniques and so may
be done on insoluble myosin suspensions. It allows character-
ization of the different forms of the enzyme with or without
ligand independent of a reference state, say the enzyme alone.
This is achieved by following the sequence of blockage of dif-
ferent types of thiol groups, under a given condition at high or
low ionic strength, in conjunction with the effect of this pro-
gressive blockage on the enzymic properties of myosin (Wat-
terson et al., 1975).

Several types of thiol groups have been classified on the basis
of the effect of their blockage on the myosin ATPase. Blockage
of thiol 1 causes activation of the CaZ*-dependent ATPase,
when tested at high ionic strength, and concomitant inactiva-
tion of the K*-dependent ATPase, while subsequent blockage
of thiol 2 then inactivates the Ca2*-dependent ATPase (Sekine
etal., 1962; Sekine and Yamaguchi, 1963). Blockage of thiol
2 alone seems only to inactivate the K*-dependent ATPase
without appreciably affecting the Ca?*-dependent ATPase
(Reisler et al., 1974). These groups will be referred to as the
essential thiol groups and they have recently been shown to
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reside in the HC of myosin from fast, slow, and heart muscle
(Pfister et al., 1975). A third category, the so-called thiol 3
groups, has further been described (Schaub et al., 1975). These
groups are referred to as nonessential since their blockage, in
intact myosin, has no effect on the enzymic properties.

In this work the subunit distribution of incorporated activity
after labeling of specific thiol groups, in the presence of either
substrate or product, was examined on myosin, HMM, and
isolated myosin heads. Furthermore, the incorporated radio-
activity was followed in the various proteolytic fragments and
their subunits after labeling intact myosin in order to establish
their positions in the molecule. The results lead to the specu-
lation that the relevant nonessential thiol 3 groups are located
in a part of the myosin whose structural changes are caused
allosterically by the step occurring during hydrolysis. This part
seems to be located somewhere between the globular heads and
the rod-like HMM-subfragment 2 in the neck region of the
molecule. Although this region and its movements are as yet
very undefined, its flexibility has been described as the cause
of spectroscopic signals from labels attached to thiol groups
in myosin (Mendelson et al., 1973; Thomas et al., 1975).
Furthermore, the model of cross-bridge movement proposed
by Huxley and Simmons (1971) requires the head portions to
rotate relative to the rod portion; i.e., a flexible hinge region
is visualized somewhere in the connecting neck area. After
detachment the movement in the opposite direction has been
postulated to be closely coordinated with the actual hydrolysis
of Mg-ATP on the cross-bridge (Mannherz et al., 1973).

Materials and Methods

Distilled and deionized water was used throughout. Inor-
ganic salts were of analytical grade and other reagents of the
highest purity obtainable. N-Ethyl[1-14C]maleimide and
[1-14C]iodoacetamide were obtained from New England
Nuclear Co., Boston, Mass.; a-chymotrypsin of bovine pan-
creas three times crystallized and soybean inhibitor type 1-S
were from Sigma Chem. Co., St. Louis, Mo.; trypsin-L-1-
tosylamido-2-phenylethyl chloromethyl ketone was from
Worthington Biochem. Corp.; and crystalline papain was from
Boehringer Mannheim GmbH, Mannheim, West Germany.

Myosin and its fragments were prepared from fast skeletal
rabbit muscles as described elsewhere: myosin (Schaub et al.,
1975); HMM and HMM-subfragment 1, i.e., myosin heads,
with chymotrypsin (Weeds and Taylor, 1975); heads with
papain (Margossian et al., 1975); heads with trypsin (Biro et
al., 1973); entire myosin rod, i.e., light meromyosin plus
HMM -subfragment 2 (Weeds and Pope, 1977). Chroma-
tography of head preparations was performed on DEAE-
Sephadex A-50 according to Weeds and Taylor (1975). The
HC of myosin and of heads prepared by chymotrypsin were
separated from the light chains by chromatography on Se-
phadex G-100 in 6 M guanidine hydrochloride and 20 mM
Tris-Cl buffer, pH 8.5 (column dimensions: 2 X 150 cm) after
carboxymethylation in the column solvent with radioactive
iodoacetamide to help monitor the protein eluate (Schaub and
Perry, 1971).

Alkylation with radioactively labeled NEM of myosin,
HMM, and heads was carried out with a 2-100 M excess of
reagent over protein in 25-50 mM Tris-Cl buffer, pH 7.6 or
8.0, for 2-30 min under different conditions indicated in the
text as described in details elsewhere (Watterson et al., 1975).
Incorporation of radioactivity was assessed by liquid scintil-
lation techniques and the K*- as well as the Ca?*-dependent
ATPase activities were measured. For calculations the fol-
lowing molecular weights were taken: myosin, 470 000 (Dre-
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izen et al,, 1967); HMM, 340 000 (Mueller, 1964); myosin
head, 120 000 (Weeds and Taylor, 1975); and myosin rod,
220 000 (Lowey et al., 1969).

Electrophoresis in NaDodSQy of myosin on 7.5% and heads
or HMM on 7.5 and 10% polyacrylamide gels (column di-
mensions: 5 X 80 mm) was carried out according to Dunker
and Rueckert (1969) in 20 mM phosphate buffer, pH 7.0, or
in 82.5 mM Tris/400 mM boric acid, pH 7.5 (Cummins and
Perry, 1973), using the fixation, staining, and destaining
procedure with Coomassie brilliant blue R-250 of Sobieszek
and Bremel (1975). Destained gels were scanned on a densi-
tometer, Bender and Hobein Model Integraph CH. Apparent
molecular weights were determined using myosin HC, phos-
phorylase a, bovine serum albumin, actin, pepsin, trypsin, ri-
bonuclease, and cytochrome ¢ as marker proteins. For deter-
mination of subunit stoichiometry it was assumed that all
protein bands originating from myosin and its fragments
stained with equal specific intensity using tropomyosin as
reference protein. For these determinations the chemical
molecular weights of 20 700 for LC-1, 19 000 for LC-2, and
16 500 for LC-3 (Weeds and Lowey, 1971; Frank and Weeds,
1974) were used. For assessment of radioactivity incorporated
into the electrophoretically resolved subunits, the gels were
sliced into 2-mm sections either after the standard staining
procedure or immediately after electrophoresis without fixation
or staining. The gel slices were dissolved in 0.3 mL of 30%
hydrogen peroxide for 40 h at 50 °C (Gray and Steffensen,
1968) and counted for radioactivity in a liquid scintillation
spectrometer with an approximate efficiency of 60%. No ad-
ditional quenching arising from the. dissolved gel was ob-
served.

The total number of thiol groups in heads prepared by
chymotrypsin was determined after alkylation of the denatured
protein with radioactive NEM or iodoacetamide as described
by Joernvall (1970). A modified Edman procedure (Iwanaga
et al., 1969) was used for analysis of N-terminal amino acids.
The phenylthiohydantoin-amino acid derivatives were iden-
tified directly on thin-layer chromatography (Kulbe, 1974)
and after regeneration by hydrolysis in 6 M HCI containing
0.1% SnCl, for 4 h at 150 °C (Mendez and Lai, 1975) on a
Labotron model Liquimat-2 amino acid analyzer by standard
procedures.

Ca?*- and K*-dependent ATPase activities were measured
(Fiske and SubbaRow, 1925) at 25 °C, pH 7.6, and high ionic
strength as specified earlier (Schaub et al., 1975). All buffer
solutions were prepared at the temperature of use. Protein
concentrations were determined by the biuret reaction or ac-
cording to Lowry et al. (1951) standardized by ultramicro-
Kjeldahl estimation of nitrogen (Strauch, 1965).

Results

Incorporation of Radioactive ["“CINEM into Myosin,
HMM and Isolated Myosin Heads. It has been earlier re-
ported that only about 4 of the total of 42 thiol groups in my-
osin (Kominz et al., 1954; Barany et al., 1964; Huszar and
Elzinga, 1971) react readily with [1C]NEM at 25 °C, pH 7.6,
and low ionic strength in the presence of Mg-nucleotides
(Schaubet al., 1975). In the presence of Mg-ADP these 4 were
found to comprise the 4 essential thiol groups since the Ca?*-
dependent ATPase became fully inactivated. When the al-
kylation was carried out in the presence of Mg-ATP, i.e.,
during hydrolysis when the enzyme-product complex
M#**ADP.P; (Bagshaw and Trentham, 1974) is the predomi-
nant intermediate, nonessential thiol groups whose blockage
does not affect the enzymic properties do also react readily with
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FIGURE |: Effect of incorporation of ['*C]NEM into myosin on relative
ATPase activities. Prior to ATPase tests alkylation was performed on 5.4
uM myosin in the presence of 7.5 mM MgCls, 30 mM KCI, and 5 mM
ADP (@ and O) for 3 minor 50 uM ATP (A and A) for 2 min at 25 °C
and pH 7.6. Full symbols: K*-dependent ATPase. Open symbols: Ca+-
dependent ATPase.

NEM. The initial lag phase evident in both K*- and Ca?*-
dependent ATPases indicates that a thiol 3 group is in fact the
most reactive during turnover of Mg-ATP at 25 °C and an-
other 1-3 nonessential groups reacted along with the essential
ones, so that 6-8 groups had to be blocked in order to fully
inactivate the enzyme (Figure 1). The same difference in in-
corporation pattern was observed when the alkylation was
performed at high (in the millimolar range) as well as at low
concentrations of substrate or product. In the presence of
Mg-ATP in a molar excess of only 10-20 times over myosin
(i.e., 5-10 times molar excess over active sites) the alkylation
reaction had to be terminated after 1-3 min to ensure that most
of the active sites were still in their long lived intermediate
state. The results were identical with those with nucleotide
concentrations ranging from 30 uM to 5 mM. This observation
makes it rather unlikely that the increased reactivity of non-
essential thiol groups during hydrolysis above 15 °C is due to
some additional “nonspecific” binding of ATP to sites other
than the active ones at high substrate concentrations. The
experiments with Mg-ADP and Mg-ATP were also per-
formed in the additional presence of either 1074 M CaCl; or
2 mM cthylene glycol bis(3-aminoethyl ether)-N,N'-tetraa-
cetic acid (EGTA) without changing the results. Similar dif-
ferences between the types of thiol groups rendered most re-
active by Mg-ADP or Mg-ATP could be demonstrated with
radioactively labeled iodoacetamide but not with iodoacetic
acid, fluorodinitrobenzene, p-chloromercuribenzoic acid or
5.,5’-dithiobis(2-nitrobenzoic acid).

Parallel incorporation studies on HMM in the presence of
cither ADP or ATP at 25 °C yielded similar results to those
obtained with myosin. The effects of alkylation on the ATPase
activitics indicate that the presence of substrate also produces
a conformation in which a nonessential thiol group is the most
reactive. At least one further nonessential group reacts along
with the cssential ones before the K*-dependent ATPase is
abolished, whereas in the case of Mg-ADP, as with myosin,
the four essential thiol groups react first.

The same type of experiments was also performed on iso-
lated heads prepared by tryptic digestion of myofibrils (Biro
ctal., 1973) or digestion of myosin with papain (Margossian
et al.. 1975) or chymotrypsin (Weeds and Taylor, 1975).
About two thiol groups were blocked with NEM under all
conditions. These two groups comprised almost exclusively the
two essential thiol groups since the K*- and Ca?*-dependent
ATPases were inactivated after incorporation of the first and
second mole of NEM, respectively (Figure 2). This result leads
directly to the conclusion that in all three types of head prep-
arations cach head contained just one of each essential thiol
group, under the assumption that each head contains an active
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FIGURE 2: Effect of incorporation of ['*C]NEM into myosin heads
prepared by chymotrypsin on relative ATPase activities. Prior to ATPase
Lests alkylation was performed on 7.5 uM heads in the presence of 10 mM
MgCl,. 20 mM KCl, and 5 mM ADP (@ and O) or ATP (A and A) for
10 min at 25 °C and pH 8.0. and on 3.6 uM heads in the presence of 10
mM MgCly and 20 mM KCI (@ and O) for 15 min at 0 °C. Full symbols:
K*-dependent ATPase. Open symbols: Ca2*-dependent ATPasc.

site. However, the sequence of blockage of these two groups
was to some degree influenced by the presence of a ligand
during the alkvlation. This is reflected in the position and the
degree of maximum activation seen in the Ca?*-dependent
ATPase curves in Figure 2. In the absence of nucleotides thiol
1 reacts clearly more readily than thiol 2, whereas in the
presence of the nucleotides both types of essential thiol groups
appear to react concomitantly. Since in isolated heads only the
essential thiol 1 and thiol 2 groups react readily with NEM,
it is no surprise that the incorporation pattern does not dis-
tinguish between the specics M¥*ADP and M**ADP-P;. It was
found, however, that the rate of reaction of the essential groups
differs significantly between the two cases. In the presence of
Mg-ADP the rate of incorporation of NEM is about twice that
with Mg-ATP. The total number of thiol groups per head
prepared with chymotrypsin was estimated on six preparations
yielding 10.3 & 0.8 per head. Even higher values of 12-13 thiol
groups per 120 000 daltons have been reported (Mueller, 1965:
Jones and Perry, 1966; Lowey et al., 1969; Huszar and Elzinga,
1971). In all these cases, however, the heads were prepared in
the absence of EDTA leading to a variable degree of LC-2
retained in them (Kendrick-Jones, 1974; Margossian et al.,
1975). As this light chain contains two thiol groups (Weeds
and Lowey, 1971; Collins, 1976), its presence could explain
the higher values compared to that given here. This means that
there are at least about eight thiol groups in addition to the two
well defined essential ones per head, none of which exhibits
reactivity toward NEM in the experiments described above.
In particular, there is no syncatalytic exposure of thiol 3 groups
during turnover of Mg-ATP. It is thus of interest to discover
whether the thiol 3 groups which can be exposed in myosin are
present in the isolated head subfragment.

Subunit Identification in NaDodSO4 Electrophoresis.
Identification of protein subunits of myosin and its proteolytic
fragments has relied on evidence from the electrophoretic
mobility in the presence of NaDodSOy. Figure 3A shows su-
perimposed densitometric tracings of myosin and heads pre-
pared by chymotrypsin which had not been subjected to ionic
exchange chromatography. The head pattern invariably
showed complete loss of LC-2 but an additional band arising
from a degraded fragment migrating faster than LC-3. Its
electrophoretic mobility was markedly lower in the Tris-borate
buffer system so that it overlapped with the band of LC-3. This
was never the case in the phosphate buffer system and hence
the latter was used for all electrophoretic results reported here.
No difference in migration of all three types of light chains was
observed in the two buffer systems. Since prior to digestion with
chymotrypsin the parent myosin was alkylated in the presence
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FIGURE 3: Distribution of radioactivity over subunits of heads prepared
with chymotrypsin from myosins which had been alkylated with [14C]-
NEM in the presence of either Mg-ADP or Mg-ATP. Sodium dodecyl
sulfate electrophoresis was performed on 7.5% polyacrylamide gels in the
phosphate buffer system. Tracings of different gels of the same run are
superimposed. (A) Electrophoretograms (OD values given in arbitrary
units) of myosin (36 ug, broken line) containing 1.60 mol of [1*C]NEM
incorporated in the presence of Mg-ADP and its corresponding head
preparation (21 ug, full line). The peak maxima with increasing migration
distance represent myosin HC, head HC, LC-1, LC-2, LC-3, and the
11 000 daltons fragment. (B) Radioactivity recovered from gels of heads
prepared from myosins containing 1.60 and 1.19 mol of ["YCJNEM in-
corporated in the presence of Mg-ADP (full line) and Mg-ATP (broken
line), respectively.

of either nucleotide or without ligand, it had to be examined
whether the originating head preparations were identical. The
band patterns in NaDodSQ, electrophoresis from head prep-
arations from differently modified myosin samples done in
parallel, looked identical. On mixing them the corresponding
protein bands comigrated. Furthermore, the relative areas of
the protein bands in the low molecular weight region origi-
nating from such differently modified parent myosins proved
to remain constant in one experiment.

Apparent molecular weights of 90 000 £ 4600, 24 800 +
900, 17 500 £+ 1100, 14 700 £ 500, and 10 800 + 900 corre-
sponding to head HC, LC-1, LC-2, LC-3, and the degraded
fragment, respectively, were calculated from gels of 12 myosin
and 31 head preparations. The protein bands corresponding
to HC of HMM and to the entire myosin rod after the heads
had been cleaved off were, in three preparations, observed to
migrate in the molecular weight range of 120 000-140 000 and
100 000-120 000 daltons, respectively. In particular the HMM
preparations did not display protein bands corresponding to
the 11 000 daltons fragment nor to the 90 000 head HC
(Figure 4).

The 11 000-daltons fragment could be separated from the
heads by chromatography on DEAE-Sephadex. [t was not
adsorbed on the resin and its removal did not affect the enzymic
properties nor alkylation results of the heads, indicating that
itis not an integral part of the head subfragment. NaDodSO,
electrophoresis of the purified degraded fragment sometimes
revealed slight heterogeneity consisting of accompanying minor
protein bands on both sides of the 11 000-daltons position. The
head fraction itself resolved into two overlapping peaks
bringing about partial separation with respect to the LC-1 and
LC-3 subunits when desorbed from DEAE-Sephadex by the
NaClgradient. The band patterns,in NaDodSOj4 gel electro-
phoresis before and after chromatography resembled closely
those published by Weeds and Taylor (1975).
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FIGURE 4: Distribution of radioactivity over myosin rod and HMM
subunits prepared by chymotrypsin. NaDodSO, electrophoresis was
performed on 7.5% polyacrylamide gels in the phosphate buffer system.
OD values of tracings are given in arbitrary units (full line). Recovered
radioactivity (broken line). (A) Loaded on gel were 25 ug of rod prepared
from myosin containing 0.85 mol of ["*C]NEM (i.e., about 47 000 cpm
per mg of myosin) incorporated in the presence of Mg-ATP at 25 °C and
pH 7.6. (B) Loaded was 31 ug of HMM containing 1.15 mol of ['*C]NEM
incorporated in the presence of Mg-ATP at 25 °C and pH 7.6. The peak
maxima with increasing migration distance represent HC of HMM, LC-1,
LC-2,and LC-3.

Digestion of insoluble myosin in the presence of EDTA was
carried out for different periods of time and the solubilized
protein fraction examined in NaDodSOQy electrophoresis. The
results revealed that within 1.5 min a band migrating just
ahead of the LC-3 appeared which probably represented the
14 000-daltons fragment of LC-2 reported by Weeds and Pope
(1977). Under our digestion conditions this band faded away
already after 3 min and disappeared completely at 5 min. The
11 000-daltons fragment, on the other hand, migrating faster
than the latter band began to appear later and increased in
amount in proportion to the 90 000-daltons head HC. Both the
90 000- and 11 000-daltons bands remained almost constant
in proportion over 20 min of digestion time. In a number of
head preparations the molar ratio of LC-1 and LC-3 to HC was
found to be on the average 0.65 and 0.45, respectively. This
means that there is just one of either light chain associated with
one head. Thence the heads containing an LC-1 predominate
over those with an LC-3. This uneven distribution reflects that
of LC-1 and LC-3 found in the parent myosin preparations and
corresponds to values reported in the literature for myosin from
fast contracting skeletal muscles (Sarkar, 1972; Weeds et al.,
1975). To estimate the molar amount of the 11 000-daltons
fragment, its staining intensity was compared with those of the
LC-1 and LC-3 bands in gels for 22 preparations of crude
heads before chromatography. With the proviso that there is
just one light chain, i.e., either a LC-1 or LC-3, per head an
average molar ratio of 0.73 + 0.24 was calculated for the de-
graded fragment based on a molecular weight of 10 800. This
would indicate that there is about one such fragment per iso-
lated head in these preparations.

Subunit Distribution of Incorporated Radioactive ['4C]-
NEM. In the majority of experiments for localization of spe-
cifically labeled thiol groups in different parts of the myosin,
heads were prepared by chymotrypsin since their HC proved
to remain uncleaved. After incorporation of up to 6 mol of
NEM per myosin, the recovery of radioactivity in the crude
head preparations in 29 cases was on average 108 £ 15% on
a molar basis. This indicates that during alkylation in the
presence of a nucleotide all NEM was incorporated into the
head portion of myosin exclusively.
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TABLE E Incorporation of ['*C]NEM under Various Conditions at pH 7.6 into Myosin HC and Its Distribution over the Head HC and
11 000-Daltons Fragment of the Corresponding Head Preparations Assessed from NaDodSO,4 Gel Electrophoresis as Described in the

Text.
Incorp of ['"*C]NEM Distribution of ["*C]NEM over head
Alkylation conditions into myosin HC and 11 000-daltons fragment
for parent myosins Mol per % per % per % per
Nucleotide Temp (°C) myosin both HC head HC fragment
ADP (6)¢ 0 0.9-5.8 91 £ 5 7720 24409
ADP (6)¢ 25 0.6-3.7 93 45 85+ 7 16 £2
ATP (6)¢ 0 0.8-4.1 93+ 4 88 £ ¥ 445
ATP 25 0.60 95 4] 63
0.64 90 20 7%
0.87 91 40 e
1.07 92 38 57
t.19 90 33 66
1.19 86 21 71
1.25 88 62 43
2.17 89 56 41
2.60 83 71 30
3.69 91 76 25
5.03 89 69 31

@ Number of experiments.

The recovery of radioactivity from gels after NaDodSQOy
electrophoresis which were sliced and counted after fixation
and staining was between 60 and 90%. Within one electro-
phoretic run, however, all gels exhibited the same percentage
of recovery. In 15 gels which were sliced immediately after
electrophoresis without prior fixation or staining the recovery
was 99 + 10%.

In myosin the major portion of radioactivity incorporated
in the presence of a nucleotide was invariably recovered in the
HC band, so that in none of these cases was any specific la-
beling observed in the light chains (Table I). The radioactivity
was distributed more or less evenly over the three types of light
chains averaging 9% in all cases of the total incorporated per
myosin. Together the 2 mol of LC-2 per myosin never con-
tained more than 6%. Under no condition of alkylation was any
appreciable amount of radioactivity recovered in the doublet
or sometimes triplet set of very fine bands migrating just ahead
of the myosin HC in the region where C- and M-protein bands
are reported to occur (Offer, 1972).

A marked difference in the subunit distribution of radio-
activity was found, however, in the crude heads prepared from
such labeled myosins depending on the nucleotide present
during alkylation. In the two cases shown in Figure 3B, be-
tween | and 2 mol of NEM were incorporated per myosin ei-
ther in the presence of Mg-ADP or Mg-ATP. In the former
case 97% and 86% in the latter were incorporated into the HC
of the parent myosins. After digestion with chymotrypsin a
reciprocal distribution of the radioactivity over the head HC
and the degraded fragment was observed. While the majority
of counts remained on the head HC in the case of Mg-ADP,
the amount recovered on the degraded fragment was more than
three times greater than that on the HC in the case of Mg-
ATP.

The way in which the radioactivity originally present in the
myosin HC was distributed over the HC and 11 000-daltons
fragment of subsequently prepared heads was quantitatively
evaluated with progressive degrees of incorporation of NEM
in the presence of product or substrate. In all 29 cases contained
in Table | the relative recovery of radioactivity in the
11 000-daltons fragment was 3-25 times more than that of the
two LC-2 of the corresponding myosins. On the other hand,
only the subunits LC-1 and LC-3 appear unaltered in the head
preparations with chymotrypsin as judged from their elec-

trophoretic behavior. As these latter subunits bear insignificant
amounts of radioactivity, none of the light chains can account
for the radioactivity found in the 11 000-daltons fragment. It
thus seems that this fragment must be derived from the myosin
HC. Then the amount of radioactivity incorporated in the
myosin HC is expected to become divided between the 90 000-
and 11 000-daltons polypeptide chains in the head prepara-
tions. The relative amounts of radioactivity found in these two
fragments in the gels of heads were calculated after correction
eliminating the small contribution of LC-1 and LC-3 carried
over from the parent myosins. Due to this correction the sum
of the relative amounts of radioactivity is not exactly 100%
(Table I).

In all cases when alkylation was performed in the presence
of Mg-ADP at 25 or 0 °C, around 90% of the radioactivity was
in the myosin HC and of this around 80% remained in the HC
of heads whatever the degree of incorporation of NEM.
However, with Mg-ATP at 25 °C, where again around 90%
of the radioactivity was located in the myosin HC. the relative
amounts recovered in the head HC and degraded fragment
varied inversely as the degree of incorporation of NEM into
myosin increased. With up to about 1 mol of NEM per myosin
only around 30% of the radioactivity appeared in the head HC,
whereas the remainder occurred in the 11 000-daltons frag-
ment. Since the high proportion of radioactivity in the de-
graded fragment declined as the overall degree of incorporation
into myosin increased, a larger number of thiol groups located
on that part of the myosin HC which constitutes the head HC
becomes blocked during turnover of Mg-ATP. On the other
hand, after alkylation in the presence of Mg-ATP at 0 °C no
appreciable amount of radioactivity was recovered in the
11 000-daltons fragment and its subunit distribution was
identical with that found in the case of Mg-ADP. This latter
result is also supported by those from alkylation studies per-
formed in the presence of Mg~ ATP as a function of tempera-
ture {Watterson et al., 1975). It was found that the difference
in incorporation patterns between the cases of Mg-ADP and
Mg-ATP seen at high temperature gradually disappeared, and
they became identical at temperatures below 5 °C.

Although the recovered radioactivity in the head fraction
accounted for the total incorporated in the parent myosins, the
residual rod portions were also examined. After cleavage of
the heads this part of the molecule consists of the tail portion
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TABLE 1I: Incorporation of [[#C]NEM under Different Conditions at 25 °C and pH 8.0 into Chymotryptic Myosin Head Preparations
Containing the 11 000-Daltons Fragment and Its Subunit Distribution Assessed from NaDodSQ, Gel Electrophoresis.

Distribution of incorp radioact.

Nucleotide Mol of [1*C]NEM over subunits (%)
present during incorp per 11 000-daltons

alkylation 120 000 daltons HC LC-1 LC-3 fragment
None 1.90 71.5 11.3 7.8 9.4

1.98 66.3 14.7 9.3 9.7
ADP 2.46 72.6 13.2 7.7 6.5

2.24 75.0 11.5 7.3 6.2
ATP 1.53 63.7 16.8 9.4 10.1

2.36 59.9 18.4 12.3 9.4

(light meromyosin) and HMM-subfragment 2. In three ex- Discussion

periments with an incorporation of less than 1.2 mol of NEM
per myosin in the presence of Mg-ATP at 25 °C, where the
majority of radioactivity was in the 11 000-daltons fragment,
the entire myosin rod was isolated and electrophoretically
identified (Figure 4A). Two moles of rod was found to contain
together only 5-10% of NEM originally present in the parent
myosins.

A quite different picture emerges from the reaction of NEM
directly with crude head preparations containing the
11 000-daltons fragment produced by chymotrypsin (Table
II). In no case was there a specific labeling of the degraded
fragment even when a 50 times molar excess of the reagent over
the protein was used. Such extreme conditions are necessary
in order to incorporate more than 2 mol of NEM per head
since, as reported above, the nonessential thiol groups are well
protected against blockage. Although relatively more counts
were recovered on LC-1 and L.C-3 than when the incorporation
was done on intact myosin, the bulk of the radioactivity was
located on the head HC, in particular, it made no difference
whether the alkylation was performed in the presence of sub-
strate or product at 25 °C.

With HMM preparations, which do not contain the
11 000-daltons fragment, the subunit distribution also revealed
no difference between ADP and ATP. In both cases over 80%
of the radioactivity was invariably recovered in the HC with
degrees of incorporation of up to 3.6 mol of NEM per HMM
(Figure 4B).

N-Terminal Amino Acid Analyses of the 11 000-Daltons
Fragment. It is known that the N-terminal amino groups of
both myosin HC are in the head region and that they are
acetylated (Starr and Offer, 1973). In addition, the N-terminal
amino groups of all three types of light chains have also been
shown to be blocked (Frank and Weeds, 1974; Collins, 1976).
Since such blocked amino groups do not react with phenyl
isothiocyanate, head HC, the degraded fragment, the whole
set of light chains prepared from intact myosin and crude head
preparations after dialysis were separately subjected to the
Edman degradation procedure. After purification on
DEAE-Sephadex the head HC were separated from LC-1 and
LC-3 by chromatography on Sephadex G-100 in 6 M guani-
dine hydrochloride. The set of light chains was separated from
the myosin HC by the same chromatographic system prior to
the Edman degradation. Phenylthiohydantoin-amino acid
derivatives were liberated only from the purified 11 000-dal-
tons fragment and crude head preparations. They were iden-
tified as Ala, Asp, and in lesser amounts Leu, Lys, and Gly.
Identical results were obtained from three different prepara-
tions of the 11 000-daltons fragment. In contrast, the Edman
procedure yielded no phenylthiohydantoin-amino acid deriv-
atives from head HC or myosin light chains.

It has been reported earlier that enzymically active isolated
myosin heads contain the essential thiol 1 group (Seidel et al.,
1971; Duke et al., 1976). In addition the results presented here
show that isolated heads prepared by different techniques
contain just one of each thiol 1 and thiol 2 groups, and that
these are the only out of a total of at least ten groups which
react readily with NEM in the presence or absence of nu-
cleotides. This is the more surprising when one considers that
in intact myosin as well as in HMM in the presence of Mg-
ATP at 25 °C where the product complex M**ADP-P; (Lymn
and Taylor, 1970; Trentham et al., 1972) prevails, nonessential
thiol 3 groups are rendered the most reactive. Although all
three classes of thiols are in the myosin HC, only thiol 1 and
thiol 2 are to be found in the 90 000-daltons HC of chymo-
tryptic heads. On the other hand, the 11 000-daltons fragment
whose removal does not impair the active site contains thiol 3.
Since this fragment is not an integral part of the functioning
head, one may conclude that the hydrolytic step causes allo-
steric changes in regions of the myosin molecule not involved
in forming the active site.

The results of alkylation performed at low ATP concen-
trations seem to rule out the possibility that the conformation
of the species M**ADP-P; observed in intact myosin is due to
additional nonspecific binding of excess substrate to sites other
than the active ones. Further evidence for this is provided by
the incorporation pattern obtained from alkylation in the
presence of high concentrations of the ATP analogues aden-
osine 5-(8,y-imido)triphosphate and adenosine 5-0-(3-
thiotriphosphate). In both cases the enzyme-substrate complex
is the predominant species (Yount et al., 1971; Bagshaw et al.,
1972) and no thiol 3 groups become blocked as opposed to the
case with ATP (Watterson et al., 1975). Results from direct
binding studies with ATP analogues overwhelmingly indicate
that myosin contains only two sites binding them (Weber and
Murray, 1973). To our knowledge only the purine disulfide
analogue 6,6’-dithiobis(inosine 5-(83,y-imido)triphosphate)
has been shown to bind to myosin as well as to isolated heads
at other sites where it gets covalently attached to cysteinyl
residues (Wagner and Yount, 1975a,b). It has also been shown
on myosin that the incorporation pattern with [1*C]NEM at
high ATP concentrations approaches that obtained in the
presence of ADP on lowering the temperature during the al-
kylation reaction. Below 5 °C they were found to be the same,
i.e., thiol 3 groups no longer become blocked. This was inter-
preted as indicating a shift in the rate-limiting step in the ATP
hydrolytic cycle so that on lowering the temperature the species
M*ADP gradually becomes more abundant at the expense of
M**ADP-P; (Watterson et al., 1975). Kinetic studies also
indicate that at low temperature the enzyme-product complex
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M#*ADP is the predominant species during ATP hydrolysis
(Taylor et al., 1970; Malik and Martonosi, 1972; Bagshaw and
Trentham, 1974). These arguments strongly confirm the de-
duction that hydrolysis above 15 °C is responsible for the ob-
served allosteric conformational change and that exposure of
nonessential thiol 3 groups is not merely caused by binding of
substrate either at the active or other sites.

These thiol 3 groups have unequivocally been located on the
myosin HC, Since they are, however, not contained in the en-
tire rod portion comprising the myosin tail (light meromyosin)
plus the adjoining HMM-subfragment 2, they seem to reside
further along in the HC closer toward the N terminus whose
acetylated end groups are in the myosin heads (Starr and
Offer, 1973). This is indeed the case as they are contained in
HMM-HC which in turn represent the N-terminal side of the
myosin HC including HMM -subfragment 2 again. On the
other hand, the 11 000-daltons fragment which contains the
thiol 3 groups occurs in the crude head preparations in a near
stoichiometric ratio of I:I to the 90 000-daltons head HC.
Though it is not part of the fully functioning isolated head, it
does seem to be connected somehow with the head region of
the myosin molecule. Since the band pattern in NaDodSOy
gels gave only one sharp band in the 90 000-daltons range, it
can be concluded that the [ragment must originate from one
cnd rather than from somewhere in the middle of the head HC.
In the latter case one would expect a number of bands with
molecular weights smaller than 90 000 daltons. The results
from end group analyses indicate that the head HC still bear
their blocked N-terminal amino groups. This is in agreement
with the results of Pope ¢t al. (1977) who isolated the N-ter-
minal peptides from the HC of such head preparations. Since
only the degraded fragment contains unblocked N-terminal
amino groups, it must have been cleaved off from the C-ter-
minal end of the 90 000-daltons fragment. One may conclude,
therefore, that the 11 000-daltons fragment originates from
the neck region of the myosin HC where the heads are joined
to the rod. Although the chymotrypsin seems to split the
fragment out of a rather defined region of the myosin HC, one
would not expect it to hydrolyze only one single peptide bond
at both ends. Some heterogeneity was indeed observed in
NaDodSOy clectrophoresis of the purified fragment prepa-
rations which fits the fact that several free N-terminal amino
acid residues were identified.

It has been reported that HMM contains around 25 cys-
teinyl residues (Lowey and Cohen, 1962; Jones and Perry,
1966; Lowey et al., 1969) per 340 000 daltons and differently
prepared head preparations 12-13 residues (Mueller, 1965;
Jones and Perry, 1966; Lowey et al., 1969; Huszar and Elzinga,
1971) per 120 000 daltons, i.e., 2426 in the two heads of one
myosin. On the other hand, Lowey et al. (1969) found 4 cys-
teinyl residues to reside in HM M -subfragment 2; i.e., 2 resi-
dues per chain, which. being part of the rod, joins the neck
region from the end opposite to the heads. The balance of these
numbers leaves hardly any cysteinyl residues to be located in
the neck region where HMM -subfragment 2 and heads are
juined together. This in turn ties in well with the finding that
only 1-2 nonessential thiol 3 groups per HC become reactive
in intact myosin during ATP hydrolysis. In fact amino acid
analyses (unpublished results) indicate that the 11 000-daltons
fragment contains just 2 cysteinyl residues.
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Modulator Protein as a Component of the Myosin Light Chain Kinase

from Chicken Gizzard?

Renata Dabrowska,! James M. F. Sherry, Debra K. Aromatorio, and David J. Hartshorne*

ABSTRACT: The Ca?*-dependent regulation of smooth muscle
actomyosin involves a myosin light chain kinase (ATP:myosin
light chain phosphotransferase). It has been shown (Da-
browska, R., Aromatorio, D., Sherry, J. M. F., and Hartshorne,
D. J. 1977, Biochem. Biophys. Res. Commun. 78, 1263) that
the kinase is composed of two proteins of approximate mo-
lecular weights 105 000 and 17 000. In this communication
it is demonstrated that the 17 000 component is the modulator
protein. This conclusion is based on: (1) the identical behavior

The regulation by Ca?* of the actin~myosin interaction in
smooth muscle is thought to be due to the concerted action of
a protein kinase and a phosphatase (Gorecka et al., 1976; So-
bieszek, 1977; Chacko et al., 1977). In the presence of Ca2*
the kinase phosphorylates the 20 000-dalton light chain of
myosin (1 mol of phosphate/light chain) and thereby allows
the activation by actin of the Mg2*-ATPase activity. As long
as Ca?* is present cyclic actin-myosin interactions proceed
with the concurrent hydrolysis of ATP and development of
tension or shortening. In the absence of Ca?*, i.e., when the
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of the 17 000 kinase component and modulator protein in as-
says of actomyosin Mg?*-ATPase activity, phosphorylation
of myosin, and phosphodiesterase activity, and, (2) the simi-
larity of the 17 000 kinase component and the modulator
protein with respect to amino acid composition, absorption
spectrum, and electrophoresis in urea-polyacrylamide gels.
It is shown also that the modulator protein from smooth muscle
and troponin C are distinct proteins.

muscle relaxes, the protein kinase is not active and the phos-
phatase removes the phosphate groups from the myosin mol-
ecule. This prevents the actin-activation of ATPase activity
and the contractile apparatus is turned “off”’. Thus the regu-
latory proteins of smooth muscle are the kinase and the phos-
phatase and are quite different from the troponin-tropomyosin
system in skeletal muscle. It should be pointed out that, al-
though the phosphorylation theory has received wide support,
it is not unanimously accepted. Head et al. (1977) have sug-
gested that a troponin-like mechanism is involved in the reg-
ulation of smooth muscle activity, and Mikawa et al. (1977)
have isolated an activator which does not phosphorylate my-
osin.

In an attempt to establish the correlation between the acti-
vation of ATPase activity and the phosphorylation of myosin
we recently isolated the myosin light chain kinase. Our rea-
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